This review reports on the latest progress in the synthesis of fullerenyl amino acids and related derivatives, and categorises the molecules into functional types for different uses: these include directly attached fullerenyl amino acids, fullerenyl N-and C-capping amino acids, and those amino acids in which the [60]fullerene group is attached to the amino acid side chain. These first and last mentioned derivatives have the potential to be incorporated into non-terminal positions of peptides. The applications of these substrates, by integration into different biological and materials chemistry programs, are also highlighted. This review reports on the latest progress in the synthesis of fullerenyl amino acids and related derivatives, and categorises the molecules into functional types for different uses: these include directly attached fullerenyl amino acids, fullerenyl N-and C-capping amino acids, and those amino acids in which the [60]fullerene group is attached to the amino acid side chain. These first and last mentioned derivatives have the potential to be incorporated into non-terminal positions of peptides.
Introduction
A large portion of synthetic [60] fullerene chemistry is directed towards its functionalization, often providing biologically active derivatives and molecules with applications in material science. 1 The impetus for such work was to exploit the physical properties of [60] fullerene (such as sensitization of singlet oxygen and electron acceptor characteristics) and combine this with the properties of biomolecules (water solubility and precise secondary and tertiary structure). To date fullerenyl amino acids and peptide derivatives have been prepared by the initial attachment of a handle to the fullerene followed by coupling to a protected amino acid or peptide. 5 In recent times, 1f, 5c the field has matured significantly such that there are many different types of fullerenyl amino acids that can be categorised according to the properties of the amino acid itself, allowing for a broader perspective of how they could be incorporated into different research programs. This review not only reports on latest progress in the synthesis of fullerenyl amino acids and related derivatives, but attempts to categorise the molecules into functional types for different uses: these include directly attached fullerenyl amino acids, fullerenyl N-and C-capping amino acids, and those amino acids in which the [60]fullerene group is attached to the amino acid side chain. These first and last mentioned derivatives have the potential to be incorporated into nonterminal positions of peptides. The applications of these substrates by integration into different biological and materials chemistry programs are then highlighted.
Synthesis of Derivatives with Fullerenyl Substituents Directly Substituted to the Amino Acid α-Carbon
There are surprisingly few examples of fullerenyl amino acids that are direct analogues of α-amino acids, i.e. the α-carbon is bonded directly to a C 60 carbon atom. There are two examples of this type of molecule, the well-established fullerenoprolines, and there are reports of protected versions of amino acids whereby the fullerenyl substituent is directly coupled to the α-carbon.
Fullerenoproline derivatives
The first synthesis of α-substituted fullerenyl amino acids, the fullerenoprolines (Fpr) (4) was achieved by the addition of azomethine ylides to [60] fullerene. 6 The azomethine ylide intermediate can be generated in two different ways, either via a thermal ring-opening of aziridines 1 or via tautomerisation of iminium salts formed by the condensation of α-amino esters 2 with aldehydes 3 (Scheme 1). These reactions allow for a significant number of Fpr derivatives to be generated by using different combinations of aldehydes and amino esters. Fpr analogues can be prepared with the pyrrolidine nitrogen protected (Scheme 2) or unprotected (Scheme 3). 7 Addition of the aziridine 5 to [60]fullerene under thermal conditions formed the protected N-protected-Fpr 6. Subsequent treatment with TFA provided the secondary amine salt 7, which could then be acylated with acetic anhydride to provide 8 (Scheme 2). To obtain more useful Fpr derivatives for peptide synthesis, the azomethine ylides, which are generated in situ from the reaction of glycinate esters 9 and 10 with paraformaldehyde, can be added to [60] fullerene to produce the free Fprs 11 and 12, respectively. These were relatively unstable and had to be kept as dilute solutions in the dark. 7 However, the amine group was readily functionalized using standard acylation procedures with acid anhydrides and acid chlorides (Scheme 3), to deliver diastereomeric mixtures of fullerenyl amino esters of the type 13. However subsequent extensive NMR studies revealed that the structure of the products was that of the dihydrofullerenoproline derivatives 8b 22, and not the more strained three-membered (cyclopropane) ring products 21. The dihydrofullerenoproline derivative 22b was hydrolysed to its carboxylic acid using TFA yielded 23 in 90% yield. The Bingel reaction conditions have been modified to work, in moderate to excellent yields, with ketones, esters and iminoglycinates. This modification has allowed for the generation of the analogous α-haloanion in situ rather than the previous isolation of the halogenated intermediate.
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This efficient and reliable one-pot reaction has been used extensively with malonic esters 57 and derivatives, as illustrated in Scheme 11. The reaction of [60]fullerene with organolithium and Grignard reagents have been exploited to incorporate a protected carboxylic acid functionality onto the C 60 sphere. 23 The organometallic reagent made from the stable bicyclic orthoester 67, prepared by following the general procedure described by Corey, 24 has been successfully added to [60] fullerene to give adduct 68. This was converted to the acid 70 by two sequential hydrolysis steps and then coupled with L-alanine ethyl ester hydrochloride to give 71 (Scheme 14). Deprotection of the ester moieties in these methano[60]fullerenes, as well as the malonate derivatives, has provided access to versatile handles, including the carboxylic acid 51 which was generated by the addition of the sulfonium ylide 87 to [60]fullerene, followed by cleavage of the tert-butyl ester 55 with p-TsOH (Scheme 16). 27 The acid 51 was then converted to its acid chloride 88, which was subsequently treated with tributyltin azide to deliver the acyl azide 89 in good yield. Exposure of 89 to o-xylenes at reflux was expected to have afforded the isocyanate 90, which was not isolated but trapped as the tert-butyl carbamate derivative 91. Treatment of 91 with TfOH provided the amine salt 92, which was coupled to various acyl chlorides 93 to generate the corresponding amide derivatives 94 (Scheme 16). Thermal ring opening of methylenecyclopropanone ketal 95 in chlorobenzene in the presence of [60]fullerene followed by silica gel hydrolysis of the resulting ketene acetal gave a mixture of cycloadducts 96 and 97. 29 The corresponding fullerenyl amino ester derivatives 98 and 99 were subsequently prepared from 96 by DCC coupling (Scheme 17). [60]Fullerene pyrrolidine derivative (139), bearing two carboxylic acid functional groups has been reported (Scheme 27). 37 The crucial glycine precursor 137, was synthesised from commercially under acidic conditions to give the carboxylic acid 145, and this acid was subjected to solid-phase peptide synthesis with peptide 146. The product 147 was cleaved from the resin support and was found to be was water soluble. 
Applications of [60]fullerene amino acids and peptides
The potential uses of amino acid and peptide derivatives of fullerenes range from the biological to the material sciences. This section will outline the major areas of achievement.
Biological Applications
The product 110 was biologically active against sera from Mixed Connective Tissue Disease (MCTD) and Systemic Lupus Erythematosus (SLE) patients (ELISA experiments). 32 The peptide 146 itself was not acitive against Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), whereas the analogous [60]fullerenopeptide 147 showed antimicrobial activity against S. aureus and E. coli (Table 1 ) The antioxidant properties of the water soluble amino acid derivatives of the sodium salts of fullerenylaminobutyric acid (C 60 -γ-ABNa, 148) and fullerenylaminocaproic acid (C 60 -ω-ACNa, 149) as well as that of the hybrid structure based on a N-fullerenoproline and the natural oxidant carnosine (C 60 -Pro-carnosine, 150) (Figure 1 ) have been studied. Their roles in the inhibition of herpes virus infection have also been described. 39 The amino acid fullerene derivatives 148 and 149 of [60]fullerene were found to have significant antioxidant activities and were not cytotoxic (IC 50 1000 and 1200 μg mL -1 (mln. cells), for 149 and 148, respectively). These derivatives were also studied as inhibitors of cytomegalovirus infection (CMVI). The introduction of C 60 -γ-ABNa 148, into infected human embryonic fibroblasts (HEF) reduced the concentration of virus proteins in the cells to values approaching that in non-infected cells ( Table 2 ). The malonic dialdehyde (MDA) concentration in the infected HEF culture also decreased to the concentration in intact HEF. The drug ganciclovir also decreased the lipid peroxidation (LPO) level in the HEF culture but had significantly lower antioxidant and inhibitory effects than 148 (Table 2 ). These results indicated that the antioxidant activity of these fullerene derivatives played an important role in their antiviral effect against CMVI. Compound 148 was considered as a potential chemotherapeutical drug against CMVI. Its chemotherapeutical index (CTI) was found to be 5000, which fivefold exceeds that of ganciclovir. As part of an ongoing antibacterial drug research project a series of mono substituted and disubstituted peptide fullerene derivatives (Figure 2) were synthesised. 9 These were prepared from the acid 23 and diacid 25, respectively. Although these derivatives did not show any substantial anti-bacterial activity, their synthesis has progressed the development of the important field of fullerenyl amino acids and peptide derivatives, in particular, their synthesis and isolation as peptide salts (156-160) and the high incorporation of basic amino acids with side chains. This is highlighted by the reasonable solubility of the deprotected compounds (156-160) in DMSO/water and the relative ease of purification of the protected fullerenyl peptides (151-155 and 161) by column chromatography. Further, these fullerenyl amino acids have a more rigid, and thus more defined, tethered structure than many other fullerenyl peptides reported, which traditionally employ a flexible fullerene-peptide linker. These more rigid properties could become increasingly important in the fields of medicinal chemistry or materials science. Antioxidative/anti-inflammatory activity of the fullerene-polyamine (FUL-PA) conjugates 162-169 has been described. The glycopeptide antibiotic derivative teicoplanin ψ-aglycone has been covalently attached to a fullerenopyrrolidine derivative using azide-alkyne "click chemistry". The aggregation of the resulting antibiotic-fullerene conjugate 170 in aqueous solution has been studied resulting in nanosized clusters. 41 The conjugate exhibited antibacterial activity against Enterococci resistant to teicoplanin (Table 3) . The 42 These cationic species can efficiently complex plasmid DNA as demonstrated by gel electrophoresis studies. These molecules showed excellent DNA binding efficiencies and were therefore considered to be potential candidates for DNA binding therapies. The fulleropyrrolidine peptides containing only GABA (γ-aminobutyric) residues, having zero or one glycine moiety have been reported (Figure 6 ). 43 The authors claim that these may be used as nanobioparticles. However, no results related to these properties were reported. 
Materials Chemistry Applications
A new class of peptide nanotubes from α,γ-cyclic peptides (CPs) 193 tethered to a methanofullerene moiety have been reported. 48 These CPs are able to form nanotubes in which the fullerenes point outward from the nanotube on both sides (180° orientation). The fullerenes form two parallel wires separated by the insulating peptide nanotube. The authors suggest that these materials may have applications as nanowire components and/or in optical and electronic devices. [60]Fullerene amino acid monomer 199 and the bis-fullerene 200 been studied experimentally using spectroelectrochemical measurements. The bis-fullerene-substituted peptide The stereoselectivity of the formation of hybrid amino acid derivatives of fullerene (AADF) C 60 was studied by Dolinina et. al. 53 The energies of the model addition reactions of two different reactions were calculated by the DFT method B3LYP/631G*. The most stable products of these reactions are hexamethylated fullerene derivatives in which five Me groups are arranged in the form of a regular pentagon and AADF. Among the AADF obtained by reactions, 1,4-disubstituted fullerene isomers are most stable. The molecular structures of such isomers were calculated for six biologically active hybrid AADF's 201-206 ( Figure 14) ; the solvent contact areas of these molecules were evaluated (Table 4 ). Induction of optical activity of fullerene C 60 by covalently bound amino acid moieties and peptide fragments (207-215) was studied by Babievsky et. al. 54 using optical circular dichroism (CD) ( Table 5 ). Significant asymmetric induction transfer was found when a stereogenic atom is adjacent to fullerene cage. 
55
C 60 -pyrrolidine tris-acid was first coupled to the N-terminus of a hexahistidine terminated peptide via carbodiimide chemistry to yield a C 60 -labeled peptide 216 (pep-C 60 ). This peptide was studied for the ratiometric self-assembly of the QD-(pepC 60 ) nanoheterostructures by exploiting metal affinity coordination to the QD surface.
Photoinitiated energy transfer and competition between electron transfer and Förster resonance energy transfer from the QD to the C 60 were also studied with the aim of potential use in optoelectronic and biosensing applications. 
Conclusions
In conclusion, fullerenyl amino acids and related derivatives have been classified into functional types for different uses: these include directly attached fullerenyl amino acids, fullerenyl N-and Ccapping amino acids, and those amino acids in which the [60]fullerene group is attached to the amino acid side chain. These first and last mentioned derivatives have the potential to be incorporated into non-terminal positions of peptides. The applications of these substrates, by integration into different biological and materials chemistry programs, have also been highlighted.
